Novobiocin and coumermycin are known to inhibit the replication of DNA in Escherichia coli. We show that these drugs inhibit the supercoiling of DNA catalyzed by E. coli DNA gyrase, a recently discovered enzyme that introduces negative superhelical turns into covalently circular DNA. The activity of DNA gyrase purified from a coumermycin-resistant mutant strain is resistant to both drugs. The inhibition by novobiocin of colicin El plasmid DNA replication in a cell-free system is partially relieved by adding resistant DNA gyrase. Both in the case of colicin El DNA in E. coli extracts and of phage X DNA in whole cells, DNA molecules which are converted to the covalently circular form in the presence of coumermycin remain relaxed, instead of achieving their normal supercoiled conformation. We conclude that DNA gyrase controls the supercoiling of DNA in E. coli.
Novobiocin and the related drug coumermycin are preferential inhibitors of DNA replication in intact Escherichia coli cells (1, 2) . In toluenized cells of E. coli, these drugs inhibit replicative DNA synthesis but not repair synthesis (3, 4) . They are also effective inhibitors in cell-free systems for the replication of colicin El (Col El) DNA (5) and of phage OX174 replicative form DNA (6) , but they do not inhibit the synthesis of the complementary strand of OX174 single-stranded DNA (6) .
Coumermycin-resistant mutants of E. coli have been isolated, and the mutation has been mapped near the dnaA locus (2) .
An enzyme, DNA gyrase, that introduces negative superhelical turns into double-stranded closed circular DNA, has recently been purified from E. coli (7) . In this paper, we show that DNA gyrase activity in vitro as well as in vivo is specifically inhibited by coumermycin and novobiocin.
MATERIALS AND METHODS
Bacterial Strains. Coumermycin-resistant E. coli mutants used for the present study were isolated by a two-step procedure. The starting strain, E. coli NT525 pnp rns end strA, was constructed by recombination between EB5004 end (8) and a thy derivative of SK107 pnp rns strA polA+, the parental strain of SK108 polA (9) Among several spontaneous coumermycin-resistant mutants of NI708 which were tested, all gave resistant extracts for the in vitro Col El DNA replication system. One of these mutants, N1741, was chosen for further work because of its good growth. This strain apparently has a partial reversion of the permeability mutation of N1708. The couR mutation of NI741 was transferred, by phage P1 cotransduction with dnaA+, to strain CRT46 dnaA (10) . The resulting strain, N1748, was used as a source for purification of drug-resistant DNA gyrase. DNA gyrase sensitive to both novobiocin and coumermycin was isolated from N99 recB21 (7) . Strain N1071(Xind-) (11) was used for experiments of superinfection by phage X, and strain YSl (8) for testing supercoiling of Col El DNA in extracts.
Of these strains, the coumermycin-resistant isolates NI741 and N1748 are able to grow in liquid culture containing 60 gg/ml of coumermycin; growth of the other strains is blocked by 15 gg/ml of the drug.
Chemicals. Novobiocin was obtained from Sigma Chemical Co. Samples of coumermycin A1 (referred to as coumermycin throughout this paper) were gifts from W. F. Minor (Bristol Laboratories) and J. Davies (University of Wisconsin). Sources of other materials have been described previously (7, 8, 12) .
Methods. Procedures for the assay of Col El DNA replication (8, 12, 13) , and for the purification and assay of DNA gyrase (7), have been described before. DNA gyrase from the coumermycin-resistant strain NI748 was purified by the same method. Fraction IV enzyme was used for all experiments.
DNA Preparations. Relaxed and intracellularly supercoiled Col El DNA samples were prepared as described (7, 8) . Relaxed covalently-circular phage X DNA was prepared by sealing with DNA ligase as described (7) .
RESULTS
Inhibition of DNA gyrase activity by novobiocin and coumermycin For visualizing the activity of DNA gyrase, we have made use of the difference in mobility between relaxed and supercoiled closed-circular Col El DNA on agarose gel electrophoresis (7, 14) . As is shown in Fig. 1 , intracellularly supercoiled Col El DNA (Fig. la) has roughly twice the mobility of relaxed closed-circular Col El DNA (Fig. lb) . When relaxed closedcircular Col El DNA was incubated with DNA gyrase purified from the coumermycin-sensitive strain N99 recB, most of the DNA was converted to a form with the increased mobility of supercoiled Col El DNA (Fig. 1c) . This reaction was progressively inhibited by increasing concentrations of novobiocin ( Fig.  ld-h ). At low drug concentrations (0.3-1.0 ,ug/ml), intermediate DNA species were seen which had lesser degrees of supercoiling (15) (c) and (i), none; (d) and U), 0.3 Mg/ml; (e) and (k), 1 Mg/ml; (f) and (1), 3 Mg/ml; (g) and (m), 10 Mg/ml; (h) and (n), 30 density of DNA in the extract might partly be controlled by proteins which bound slowly to the DNA. This experiment has also been carried out with novobiocin instead of coumermycin, with the same results (data not shown).
An experiment to examine supercoiling in intact E. coli cells was carried out by phage X infection (Fig. 3) . When phage X superinfects a cell already lysogenic for X, most of the superinfecting DNA is converted to a covalently circular form (18) . In the experiment of Fig. 3 , a lysogenic E. coli strain was superinfected with X in the presence or absence of coumermycin, and the DNA was analyzed by CsCI-ethidium bromide density gradient centrifugation. Superinfection by phage X in the absence of coumermycin (Fig. 3C ) resulted in a X DNA species whose position in the gradient matched that of the intracellularly supercoiled Col El DNA marker. Alternatively, superinfection in the presence of coumermycin, with incubation for either 5 min or 30 min (Fig. 3A and B) , yielded covalently circular X DNA that was almost fully relaxed. The DNA sealed in the presence of coumermycin (Fig. 3A andc B) can be estimated to have a superhelix density 15% of that of normal superinfecting X DNA, when compared with a reference sample of relaxed covalently circular X DNA (Fig. 3D) [by the analysis, of (16)].
These experiments lead us to conclude that DNA gyrase is responsible for catalyzing supercoiling of extrachromosomal DNA in E. coli.
DISCUSSION
The present experiments show that novobiocin and coumermycin act by inhibiting the supercoiling of DNA which is catalyzed by DNA gyrase. This seems to be the biologically significant action of the drugs, because the growth of E. coil cells and Col El DNA replication in extracts both become drug-resistant as the result of a mutation which also renders DNA gyrase activity resistant to both drugs. The identification of one mutation as being responsible for these properties is strengthened by the fact that coumermycin-resistant growth and coumermycin resistance of DNA gyrase are cotransduced by phage P1, and both are closely linked to the dnaA locus.
Inhibition of DNA gyrase, in cell extracts and in whole cells, leads to a total or almost total disappearance of the supercoiling normally found as a property of covalently circular DNA iso-Proc. Natl. Acad. Sci final concentration of 100 ,g/ml from a 25 mg/ml solution in dimethyl sulfoxide; an equal volume of dimethyl-sulfoxide was added to the control culture. After further incubation at 370 as specified below, the cultures were chilled, washed once by centrifugation, and again centrifuged. The pellets were resuspended in 0.5 ml of 20% sucrose, 50 mM potassium phosphate at pH 7.5, 0.1 M NaCl, and 10 mM NaN:i. The cells were lysed by incubation with 0.8 mg/ml of lysozyme for 5 min at 00, followed by addition of sodium lauroyl sarcosinate to a final concentration of 5 mg/ml. After further addition of proteinase K (E. Merck) to a final concentration of 100 yg/ml, the incubation was continued for 30 min at 300. The samples were centrifuged in CsClethidium bromide and fractionated as described in the legend to Fig.  2 (24) . It is also known that in vitro integrative recombination of X DNA (25, 26) requires a supercoiled DNA substrate (K. Mizuuchi, M. Gellert, and H. A. Nash, manuscript in preparation). DNA gyrase must be involved in the formation of these supercoils, since integrative recombination of relaxed covalently circular A DNA in this system is inhibited by novobiocin, while supercoiled A DNA escapes the inhibition.
